Abstract.-The first analyses of gene sequence data indicated that the eukaryotic tree of life consisted of a long stem of microbial groups "topped" by a crown-containing plants, animals, and fungi and their microbial relatives. Although more recent multigene concatenated analyses have refined the relationships among the many branches of eukaryotes, the root of the eukaryotic tree of life has remained elusive. Inferring the root of extant eukaryotes is challenging because of the age of the group (∼1.7-2.1 billion years old), tremendous heterogeneity in rates of evolution among lineages, and lack of obvious outgroups for many genes. Here, we reconstruct a rooted phylogeny of extant eukaryotes based on minimizing the number of duplications and losses among a collection of gene trees. This approach does not require outgroup sequences or assumptions of orthology among sequences. We also explore the impact of taxon and gene sampling and assess support for alternative hypotheses for the root. Using 20 gene trees from 84 diverse eukaryotic lineages, this approach recovers robust eukaryotic clades and reveals evidence for a eukaryotic root that lies between the Opisthokonta (animals, fungi and their microbial relatives) and all remaining eukaryotes.
Abstract.-The first analyses of gene sequence data indicated that the eukaryotic tree of life consisted of a long stem of microbial groups "topped" by a crown-containing plants, animals, and fungi and their microbial relatives. Although more recent multigene concatenated analyses have refined the relationships among the many branches of eukaryotes, the root of the eukaryotic tree of life has remained elusive. Inferring the root of extant eukaryotes is challenging because of the age of the group (∼1.7-2.1 billion years old), tremendous heterogeneity in rates of evolution among lineages, and lack of obvious outgroups for many genes. Here, we reconstruct a rooted phylogeny of extant eukaryotes based on minimizing the number of duplications and losses among a collection of gene trees. This approach does not require outgroup sequences or assumptions of orthology among sequences. We also explore the impact of taxon and gene sampling and assess support for alternative hypotheses for the root. Using 20 gene trees from 84 diverse eukaryotic lineages, this approach recovers robust eukaryotic clades and reveals evidence for a eukaryotic root that lies between the Opisthokonta (animals, fungi and their microbial relatives) and all remaining eukaryotes. [Eukaryotes; gene tree; molecular systematics; species tree reconciliation; tree of life.] Early molecular phylogenetic analyses depicted the eukaryotic tree of life as ladder of unicellular lineages leading to a crown that included plants, animals, and fungi (Sogin et al. 1989 ; Van de Peer and De Wachter 1997; Brown and Doolittle 1999) . More recent analyses of concatenated multigene sequence alignments reveal that microbial and macroscopic lineages are intermingled (e.g., Baldauf et al. 2000; Yoon et al. 2008; Burki et al. 2009; Hampl et al. 2009; Parfrey et al. 2010) , but the root of the eukaryotic tree of life remains unknown. These concatenated analyses exclude paralogs, eliminating the phylogenetic information of gene duplication and loss events. Such data are important as the root of a species tree can be inferred from individual gene trees by identifying the rooting that implies the fewest duplications or duplications and losses (Gogarten et al. 1989; Iwabe et al. 1989) . Gene tree parsimony (GTP) extends this concept to large collections of gene trees, seeking the rooted species tree that implies the fewest gene duplication and loss events across all gene trees (e.g., Goodman et al. 1979; Guigo et al. 1996; Maddison 1997) . GTP has several advantages over phylogenetic inference methods that use alignments of concatenated putatively orthologous genes. For example, the need to identify orthologs is eliminated as all paralogs are retained and used in the inference. Furthermore, GTP approaches yield rooted topologies, and the support for alternative roots can be assessed easily. Algorithmic advances now enable effective heuristics to estimate species trees from large data sets using GTP (e.g., Wehe et al. 2008; Bansal et al. 2010; Burleigh et al. 2011) .
Recent reconstructions of the eukaryotic tree of life are largely based on concatenated multigene alignments of orthologous loci (e.g., Baldauf et al. 2000; Yoon et al. 2008; Burki et al. 2009; Hampl et al. 2009; Parfrey et al. 2010) . Although these approaches provide many insights into relationships among eukaryotic lineages, such analyses exclude potentially phylogenetically informative processes such as gene duplications and require accurate identification of orthologous sequences. Identifying orthologs is difficult because rampant gene duplication and differential loss create complex patterns of paralogy (Maddison 1997) , which is amplified at phylogenetic levels as deep as all eukaryotes (Roger and Hug 2006) . Rooting phylogenies from analyses of concatenated alignments is usually done using outgroup sequences. However, this approach is problematic for recovering root of eukaryotes because many eukaryotic genes lack clear homologs in bacteria and archaea (e.g., Mans et al. 2004; Tekle et al. 2009 ), and when outgroup sequences are available, the vast evolutionary distances involved can lead to systematic error associated with long branches (Felsenstein 1978) .
Here, we use GTP to reconstruct eukaryotic phylogeny and identify the rooted tree of eukaryotes. We analyzed 20 genes, including all available paralogs, from up to 84 taxa (Table 1) . In an earlier study, these data were pruned to retain only putative orthologs, concatenated, and analyzed using standard phylogenetic methods (Parfrey et al. 2010 ). Exclusion of paralogs, which is required for concatenation, eliminates potential phylogenetic information. This is because closely related species will share a common history of gene gains and losses.
We explored the effect of taxonomic sampling by using input gene trees that included sequences from 2 SYSTEMATIC BIOLOGY VOL. 61 Notes: Gene names: 1 = small subunit rDNA, 2 = 14-3-3, 3 = 40S ribosomal protein, 4 = actin, 5 = α-tubulin, 6 = β-tubulin, 7 = elongation factor 1α, 8 = elongation factor 2, 9 = enolase, 10 = 60S ribosomal protein L9, 11 = γ-tubulin, 12 = heat shock protein 70, 13 = heat shock protein 90, 14 = S-adenosylmethionine synthetase, 15 = Rad51, 16 = 40S ribosomal protein 23, 17 = 40S ribosomal protein S15a, 18 = transport protein Sec61 subunit α, 19 = transcription factor II H, 20 = U5 snRNP/Prp8.
species represented in at least 10 or 15 of the 20 total gene alignments. GTP requires rooted gene trees, but because it is difficult to know the root of individual gene trees, we explored alternative methods to root gene trees: individual gene trees either were rooted a priori with outgroup sequences (i.e., ancient paralogs or bacterial/archaeal homologs) or were rooted by searching for the root position that minimized the implied number of gene duplications and losses during the species tree search (e.g., Gorecki and Tiuryn 2007; Sanderson and McMahon 2007; Wehe et al. 2008) . We assessed the impact of these two approaches by either using: (i) all unrooted input gene trees ("no out") or (ii) a combination of 10 unrooted and 10 rooted input gene trees ("+ out").
MATERIALS AND METHODS

Sequence Assembly
The data for this study expanded on the sampling from the supermatrix study of Parfrey et al. (2010) by using all available sequences from the gene families (Table 1) . We aimed to sample eukaryotic diversity by including as many lineages defined by ultrastructural identities as possible, using the classification systems of Patterson (1999) and Adl et al. (2005) as guides. We excluded taxa with elevated rates of molecular evolution (e.g., Encephalitozoon, Giardia) as in Yoon et al. (2008) ; inclusion of these rogue taxa decreased stability of gene tree topologies and hence our ability to make inferences.
Small subunit (SSU)-rDNA sequences were handcurated for target taxa by removing group I introns, spacers, unalignable regions, nonnuclear rDNAs, and misannotated sequences. SSU-rDNA sequences were aligned by HMMER (Eddy 2001) , version 2.1.4 with default settings, taking secondary structure into account (see Parfrey et al. 2010) . We note that the inclusion of SSU-rDNA had little effect on the analyses; removing this gene from our GTP analyses did not change the location of the root, although support values varied to some extent. The assembly of protein coding genes was accomplished using a custom-built pipeline of Perl and Python scripts also described in Parfrey et al. (2010) . In total, our final data set included alignments of 20 loci (SSU-rDNA and 19 protein-coding genes).
Previous work indicated that GTP analyses of data sets with dense sampling (minimizing the missing data or taxa within genes) provided the strongest support (e.g., Burleigh et al. 2011) . Therefore, we pruned the single-locus alignments to include (i) only sequences from taxa that were represented in at least 10 of the 20 single-locus alignments ("10" data sets) and (ii) only sequences from taxa that were represented in at least 15 of the 20 single-locus alignments ("15" data sets). Ten of the 20 loci had outgroup sequences available, and we included these outgroup sequences in the alignments for these loci. The outgroups were either ancient paralogs that predated the divergence of all extant eukaryotes or were from bacteria or archaea. The alignments that included outgroups were used to create "+ out" gene tree data sets, and the alignments that excluded outgroups were used to create "no out" gene tree data sets. Thus, in total, we created four sets of 20 single-locus alignments: "15 + out", "10 + out", "15 no out", and "10 no out". All alignments are available from the Dryad data depository (http://datadryad.org/) at doi:10.5061/dryad.11vq033v, and trees can be found in TreeBase (#12157).
Gene Tree Construction
We performed maximum likelihood (ML) phylogenetic analyses on each of the single-locus alignments using RAxML-VI-HPC version 7.0.4 (Stamatakis 2006) . For all loci except SSU-rDNA, ML analyses used the Jones-Taylor-Thornton (JTT) amino acid substitution model (Jones et al. 1992 ) with the default settings for the optimization of individual per-site substitution rates and classification of these rates into rate categories ("JTTCAT model"). For the SSU-rDNA alignments, ML analyses used the GTRCAT nucleotide substitution model. We also performed 100 nonparametric bootstrap replicates (Felsenstein 1985) for each locus alignment, with each replicate using the same tree search as was used on the original data set. If the resulting tree included outgroup sequences, we rooted all the resulting trees using the outgroups, and then we pruned the outgroups from the trees prior to the GTP analyses. The gene tree data sets are available from the Dryad data depository (http://datadryad.org/).
GTP Analysis
Species trees were inferred from GTP analyses based on the duplication and loss model, which, given a collection of rooted gene trees, seeks the rooted species tree that implies the fewest duplications and losses across all gene trees. To estimate the optimal species tree, we used a tree search heuristic based on the rooted subtree pruning and regrafting (SPR) local search algorithm ), now implemented in iGTP (Chaudhary et al. 2010) .
GTP evaluates species trees from rooted gene trees. However, the ML gene tree searches output unrooted gene trees, and it is often difficult to determine the root of a gene tree without obvious outgroups. One strategy for rooting gene trees for GTP analyses is to find a root that minimizes the duplication and loss cost. To do this, we gave the starting unrooted gene trees an arbitrary root. Then, for each candidate species tree, we evaluated all possible rootings for each of these gene trees and used a root that minimizes the duplication and loss cost (Gorecki and Tiuryn 2007; Sanderson and McMahon 2007) . For the gene trees that were rooted with outgroups (10 trees in the "+ out" data sets), we fixed the root (i.e., constrained to bacterial sequences or ancient paralogs) and did not consider alternate roots during the tree search.
VOL. 61 FIGURE 1. Reconciled tree of eukaryotes reveals a root between Opisthokonta and all remaining eukaryotes. Major clades indicated in colored boxes and nested clades with vertical lines, as described in Table 2 . Tree estimated from analysis of 59 taxa in the "15+ out" analysis: taxa found in at least 15 of the 20 genes (Table 1 ) and including rooted gene trees for the 10 genes with outgroup sequences.
For each gene data set ("15 + out," "10 + out," "15 no out," and "10 no out"), we first ran 50 random stepwise addition replicates to build starting species trees and performed a local SPR tree search from each starting tree. We observed that the starting tree affected the resulting species tree estimates, and this was especially apparent with the "no out" data sets. We hypothesized that the tree searches using the "no out" data sets may be adversely affected by the arbitrary starting gene tree rootings. To address this potential problem, we rooted the genes from the "no out" data sets with a root that implies the fewest duplications and losses given the species tree estimate from the "+ out" analysis. Then, we performed 50 more SPR tree searches from random stepwise addition starting trees on the "no out" data sets that had the new starting gene tree roots (Note that we still evaluated all alternate gene tree rootings during these analyses. The only difference was the initial rooting of the gene trees.). Finally, for each data set, we examined the results of all tree search replicates to find the species trees that implied the fewest duplications and losses.
One concern about the performance of GTP, or any supertree method, is the quality of the input gene trees. Specifically, GTP analyses that use a single topology per gene may fail to incorporate tree support or account for underlying phylogenetic signals that are not observed in a single gene tree (Page 2002 ). We used a variation of a "supertree bootstrapping" strategy to incorporate both uncertainty in the gene tree topology and underlying phylogenetic signals from the gene trees into the GTP analysis (e.g., Cotton and Page 2002; Burleigh et al. 2006; Joly and Bruneau 2009; Burleigh et al. 2011 ). In our supertree bootstrapping approach, each bootstrap replicate consisted of a GTP analysis using a single randomly selected bootstrap tree from each gene. We performed 100 replicates of the supertree bootstrap method for each data set ("15 + out," "10 + out," "15 no out," and "10 no out"). For all bootstrap replicates, we followed the same tree search protocol as was used the original data set. We summarized the results of the GTP bootstrap replicates with a greedy majority rule consensus tree.
We also examined several alternate phylogenetic hypotheses regarding the root of eukaryotes using a hypothesis-testing approach analogous to the "Templeton test" used in maximum parsimony phylogenetic analyses (Templeton 1983; Burleigh et al. 2011) . For each of two rooted species trees, one designated as the null hypothesis and one as the alternate hypothesis, we calculated the gene duplication and loss score for each gene tree. For each hypothesis, each gene tree was given a rooting that minimized the duplication and loss score. We then compared the differences in the reconciliation costs for the two topologies using the Wilcoxon matched-pairs signed-ranks test. To generate alternative topologies, we constrained GTP tree searches to estimate the optimal topologies consistent with the Opisthokonta, Fungi, Unikonta, Plantae, Euglenozoa, Amoebozoa, Excavata, and SAR roots for the eukaryotic tree in accordance with hypothesized positions of the root and the major clades of eukayotes. The constrained tree searches used the same tree search protocol as we described for the original data set, with the addition of a topological constraint.
RESULTS AND DISCUSSION
GTP Analyses of the Eukaryotic Tree of Life
The eukaryotic tree of life produced by our GTP approach recovers robust clades inferred from ultrastructural identities and previous concatenated analyses, including animals, fungi, green algae, alveolates, haptophytes, and stramenopiles ( Fig. 1 and Table 2 ; Patterson 1999; Baldauf et al. 2000; Parfrey et al. 2006 Parfrey et al. , 2010 Yoon et al. 2008; Burki et al. 2009; Hampl et al. 2009 ). Since GTP approaches are based on patterns of variation among gene trees, a much larger sample of gene trees will be needed to yield a strongly supported species tree. Still, with our relatively small sample of genes (20) and taxa (up to 84), the GTP analyses are generally concordant with previous studies in recovering several deeper clades (e.g., Amoebozoa, Plantae, Excavata, Opisthokonta; Fig. 1 and Table 2 ). This is particularly surprising given that individual gene trees differ tremendously from one another and do not sup- Notes: Columns labeled by analyses: 15 (or 10) refers to data sets that included taxa in at least 15 (or 10) of the 20 gene trees. Outgroups (bacterial/archaeal or ancient eukaryotic paralogs) are included for 10 genes in "+ out" analyses and excluded in "no out" analyses. There are 84 eukaryotes in the "10" analyses and 59 taxa in the "15" analyses. nm = not monophyletic; na = not applicable as less than two taxa included.
port major clades of eukaryotes, as exemplified by the topology for HSP90 (Fig. 2) . The congruence between the topology of the eukaryotic tree recovered in this GTP analysis and concatenated analyses fosters greater confidence in the robustness of this approach in general and in the estimate of the root that it provides.
The Root of the Eukaryotic Tree of Life is Between Opisthokonta and All Remaining Eukaryotes Our reconstructions of the eukaryotic tree of life created with GTP place the root at the base of or within the Opisthokonta, a clade containing animals, fungi, and their microbial relatives. Three of the 4 analyses support a root between the opisthokonts and all remaining eukaryotes ("15 + out", "10 + out", "10 no out"; Fig. 1 and Table 2 ), whereas in the fourth analyses ("15 no out"), the root is placed within the opisthokonts such that Fungi are sister to all remaining eukaryotes. Supertree bootstrap support, which represents uncertainty in the gene tree topologies (e.g., Cotton and Page 2002; Burleigh et al. 2006) , shows highest support for the root in the analyses limited to species in at least 15 of the gene trees with 10 of the gene trees rooted by outgroups ("15+out", 73% bootstrap support; Fig. 1 and Table 2 ).
Hypotheses on the root of the eukaryotic tree of life have focused on events deemed rare or are based on putatively primitive features. Rooting the eukaryotic tree of life between the Opisthokonta and all remaining eukaryotes is consistent with both initial analyses of the presence/absence of a gene fusion between 6 SYSTEMATIC BIOLOGY VOL. 61 FIGURE 2. Exemplar single gene tree (HSP90) reveals a topology inconsistent with ultrastructure, previous analyses of multigene data, and with the reconciled tree (Fig. 1) . Major clades are not monophyletic but are colored as in Figure 1 to highlight complexity of single gene trees.
dihydrofolate reductase (DHFR) and thymidylate synthase (TS) genes (Stechmann and Cavalier-Smith 2002) and recent analyses of mitochondrial genes (Derelle and Lang 2011) . A reinterpretation of the presence/absence of a DHFR-TS gene fusion led to the hypothesis that the root lies between "Unikonta" (Opisthokonta + Amoebozoa) and "Bikonta" (Stechmann and Cavalier-Smith 2003 but see Arisue et al. 2005 and Nozaki et al. 2005) . The "Archezoa" root (i.e., between amitochondriate eukaryotes such as Diplomonads and Parabasalids and all remaining eukaryotes) was predicated on the hypothesis that early eukaryotes lacked mitochondria (Cavalier-Smith 1993) , a claim that is not supported by the preponderance of evidence (Hirt et al. 1997; Roger et al. 1999; Brinkmann and Philippe 2007) . A hypothesis that the root of eukaryotes falls either within or at the base of the Euglenozoa is derived from observations of 12 genomic characters that are either absent or reduced in trypanosomes but are widespread in other eukaryotes (Cavalier-Smith 2010) . There is also a suggestion that fungi may represent the earliest eukaryotes based on their osmotrophic metabolism and remarkable (at least among eukaryotes) diversity of ATP-producing pathways (Martin et al. 2003) .
We assessed alternative hypotheses for the position of the root of a phylogeny by comparing the minimum numbers of gene duplications and losses required under each hypothesis. We analyzed seven alternative hypotheses for the root of eukaryotes. Constraining the tree to a non-opisthokont root resulted in a substantial increase in the number of duplications and losses needed to reconcile the gene trees (Table 3) . For example, an additional 68-103 steps (duplications + losses) are needed to generate trees with a root between "unikonts" and all other eukaryotes. The trends are consistent across all analyses in that more than 65 additional duplications or losses are required for all nonopisthokont rootings (Table 3) . We also used a Wilcoxon signed-rank test (Wilcoxon 1945) to assess the hypothesis that alternate roots have equal parsimony scores as the best tree rooted on Opisthokonta and find that alternate rootings can be rejected in at least one analysis for all nonopisthokont hypotheses except a "Unikonta" root, which was proposed by Stechmann and Cavalier-Smith (2003) .
Synthesis
Rooting the eukaryotic tree of life between opisthokonts and all other eukaryotes challenges the belief that macroscopic eukaryotes are higher forms (i.e., at the crown) than their microbial relatives. Instead, the GTP analyses presented here indicate that there was an early divide among eukaryotes, with one lineage giving rise to animals, fungi, and their microbial relatives whereas the other lineage split into a plethora of intermingled unicellular and multicellular lineages (e.g., plants, red algae, brown algae, slime molds, and water molds). Furthermore, elucidating the root of the tree of eukaryotes is necessary to infer ancestral states and determine directionality in the patterns of eukaryote evolution. 
